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ABSTRACT 

A simple, economical device  f o r  producing cumulative shock 

loading  i n  m a t e r i a l s  was i n v e s t i g a t e d ,  designed,  and tested, 

devi ce devel oped uses a b a l l  i s t i  c impact-drl’ven p r o j e c t i l e  t o  

in t roduce  high stress waves i n t o  the ma te r i a l .  

parameterso  the impact time and load  amplitude are va r i ed  t o  pro-  

duce f r a c t u r e  w i t h  one load or seve ra l  loads  i n  PMMA rods.  The 

wave f r o n t  was examined as  i t  t r a v e l s  through the PMMA rod and 

i d e n t i f i e d  a s  approaching a square  wave f r o n t .  

PMMA were loaded t o  failure t o  demonstrate the scope o f  the loading  

appara tus .  Frac ture  morpho1 og ie s  i n  the m a t e r i a l s  were microscopi- 

c a l l y  examined and descr ibed  w i t h  reference t o  e s t a b l i s h e d  f r a c t u r e  

modes 

The 

By a d j u s t i n g  design 

Mater ia l s  o t h e r  than 

i X  



I .  INTRODUCTION 

Plane stress waves are used t o  study the response of materials 

a t  h i g h  stress levels. 

produced by a ball ist ic impact-driven projectile t o  approach shock 

conditions. 

h i g h  stress levels (shock), of w h i c h  tapered brass horns,(*) lensed 

High stress levels i n  this study are 

Other techniques are available capable of  producing 

contact explosives , ( 3 )  and flyer plates driven by lensed explosives (4) 

are included. 

Without considering the cost or instrumentation, each has the dis- 

advantage o f  long time delays between wave impulses. 

experimental examination of  shock waves introduced infinitely fast 

i s  desired. 

Each technique has i ts  advantages and disadvantages. 

Ideally, 

W i t h  cumulative h i g h  stress loadings as the prime factor i n  

this.stuc(y, various methods were examined. W i t h  each method ex- 

amined f a i l i n g  t o  produce confident fatigue results, a ballistic- 

driven project i le  was developed t o  accommodate various cartridge 

loadings. 

wave propagates through the specimen t o  cause spalling a t  the end 

o f  the rod, In the scheme described, i t  is  possible t o  vary bo th  

piston travel and bullet energy. The stress pulse generated i n  

PMMA was a short duration, semi -rectangul ar pulse. 

When the bullet impacts the piston, a h i g h  energy stress 



I I e FRACTURE PHENOMENA 

The tens i le  strength of a b r i t t l e  or  glassy material was f i rs t  

shown by Griff i th(5)  t o  be inversely proportional t o  the square root 

of the flaw s i ze ,  c s  i .e. 

where oc is the c r i t i ca l  t ens i le  value required t o  cause the crack 

t o  propagate 

is  Young's Modulus fo r  the material 

is the fracture surface energy per unit area of the crack 

surface, and 

i s  the flaw s ize  present in the material a 

E 

y 

c 

Now Equation ( 1 )  i s  based on the assumption tha t  small cracks o r  flaws 

e x i s t  i n  the material. In most cases, microscopic flaws do ex i s t  

in the material as a resu l t  of sol idif icat ion or fabrication history. 

Even with extreme care i n  preparation, atomic s ize  cracks can resul t  

when dislocations "pi le  up" a t  a barr ier . (6)  

methacrylate), PMMA, the material examined in this workp i s  n o t  

crystal l ine,  dislocation theory will not be discussed here. 

locations should n o t  be overlooked i n  fracture analysis of crystal l ine 

materi a1 s 

Since poly (methyl 

Dis- 

Gr i f f i th ' s  Equation ( 1 )  uses Ingl is '  ( 7 )  mathematical solution 

fo r  s t ress  and s t ra in  energy i n  an i n i t i a l l y  cracked t h i n  plate. 

The i n i t i a l  flaw length was assumed t o  be much longer than the plate 
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thickness. For a thick p-late where. c' is not much larger than the plate 

thickness, Equat ion ( 1 )  i s  modified t o  

cT C = J.. 2 1 

where v i s  Poisson's r a t io  of the material. Griffi,h verified t h a t  

c~ is  inversely proportional t o  c " ~  by applying internal pressure t o  

g l  ass w i t h  m i  croscopi c f l  aws e 

Orowan(8) and Iuwin") l a t e r  applied Gr i f f i th ' s  principles t o  
3 s tee l  and found the measured value of y t o  be 10 times larger than 

the theoretical surface energy value. -They postulated tha t  the large 

discrepancy i s  due to  a plast ical ly  deformed layer near the crack 

t i p  absorbing a large amount o f  i r revers jble  work during crack 

propagation. 

be comes : 

To account fo r  this additional e f f ec t ,  Equation ( 1 )  

where P i s  the work of p l a s t i c  deformation. 

by X-ray diffraction s tudies ,  tha t  P >> y. 

theoretical  surface energy $ b u t  i r revers ible  work environmental 

influences on surface energy, crazing, and molecular orientation. 

b/illiams(") proposed a qual i ta t ive expression for Gia t ion  ( 1 )  

which includes these e f f ec t s ,  i . e .  

Orowan showed fo r  s t e e l ,  

y + P includes n o t  only 
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where k is  a geometric constant while the subscripts b ,  d, V, . . e 

stand fo r  the b r i t t l e ,  duc t i le ,  and viscoelast ic  dissipation pro- 

cesses, respectively. 

Equation (4 )  takes in to  account possible fracture mechanisms f o r  

a variety of materials. 

see reference (11). 

Note, yd replaces P e a r l i e r  mentioned. 

For a thorough review on fracture phenomena 

2.1 FATIGUE FRACTURE 

Cyclic fatigue in materials i s  an important factor  i n  determin- 

i n g  the useful l i f e  of structures and machines. Glassy polymers, 

such as PMMA, are often analyzed with the classical  fracture mechanics 

approach used fo r  metals. (12)  

occurs due t o  crack in i t i a t ion  and propagation under moderate loadings. 

For a wide range of materials,  i .e.  metals, glassy polymers, and 

natural rubber, the following equation is  found experimentally t o  

hold 

Fatigue fa i lure  i n  glassy polymers 

- -  dc - B an 
dN 

where N i s  the number o f  stress cycles, c i s  the crack length, 

B and n are constants, and T i s  a function of crack length and of 

temperature. 

i s  the s t o r e d  energy and k i s  an undetermined constant. Assuming 

the existence of inherent flaws of maximum length c o s  Equation ( 5 )  

can be integrated t o  predict  fatigue l i f e  N f  t o  give: 

For surface cracks, T has the form of kcw where w 

n - i l - I  = N f  ( B  kn Wn ( n  - I )  co 
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where cf (crack length a t  f a i lu re )  i s  much greater t h a n  c0 and n is 

larger than 1. No actual predictions of fatigue da ta  are  available 

f o r  PMMA used i n  this study b u t  experimental data f o r  natural 

rubber (’ 3, and polyethylene support this theoret ical  approach f o r  

evaluating N +. 



111. NAVES I N  SOLIDS 

In r i g i d  body dynamics i t  i s  assumed tha t  when a force is  applied 

t o  any point on the body, the resultant s t resses  are unjform through- 

out the body. 

acceleration in to  the whole body. 

this is  not the case. 

produced; a di la ta t ion wave which travels w i t h  a velocity 

That i s ,  the force i s  assumed t o  produce a l inear  

In an isotropic  e l a s t i c  so l id ,  

Here, two types of e l a s t i c  waves (15)  may be 

K + (4/311.1 ( P ) I 2  

and a distortional wave w i t h  a velocity 

where k i s  a the b u l k  modulus, p i s  the density, and u i s  the 

these 

a1 ong 

Rayle 

shear modulus. In  general when an elasta’c so l id  i s  deformed, both 

dilatational and distortional waves are produced. In addition t o  

waves, a t h i r d ,  known as Raylejgh waves, m a y  be propagated 

the surface of a solid.  The disturbances associated w i t h  

gh waves decay exponentially w i t h  depth. This i s  of particu- 

l a r  importance in seismic measurements b u t  negligible i n  many other 
( 1 5 )  cases. 

Di Iatational and distoytional waves are altered dur ing  propaga- 

tion through the sol id .  For instance, waves w i t h  periods close t o  

the relaxata’on time o f  the media are severely damped. 

energy m a y  also be dissipated as thermal energy due to  temperature 

The wave 

gradients induced by wave motion. I f  there existed an ideal media 
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w i t h  no attentuation properties,  an i r regular  di la ta t ional  Nave 

front  migh t  eventually transform into a square f ront ,  provided 

tha t  s t r e s s  level were suff ic ient ly  h i g h  t o  reach non-linear be- 

h avi or. 

Shock waves are jump discontinuities i n  s train,  stress, and 

i n  par t ic le  velocity I n  a material. (16) A non-square wave front 

with a very h i g h  s t ress  may, a f t e r  a period o f  time, transform 

in to  a squaw wave front .  This depends primarily on a minimum 

amount of wave attenuation d u r i n g  propagation. T h u s ,  a hl’gh stress 

di la ta t ional  wave, theoret ical ly ,  may transform into a shock wave. 

Kolsky ( I 5 )  defines shock waves as any wave produced by an instan- 

taneous pressure pulse applied t o  a medium. 

however, whether shock waves do develope in materials 

other than s t r e s s  levels i n  the kilobar (and higher) range. 

I t  i s  questioned, 
(45917) at 

Consider a p l a s t i c  wave traveling i n  an e l a s t i c  media w i t h  

A t  s t resses  above the e l a s t i c  properties up t o  a given s t r e s s ,  

e l a s t i c  la’mit, p l a s t i c  flow occurs. 

travel through the material w i t h  the p las t ic  wave t r a i l i ng  a t  

T h u s ,  an e l a s t i c  wave would 

a lower vel ocity., 

(necessary fo r  shock) were long enough, a p l a s t i c  wave could t r a i l  

a shock wave. 

Simil a r ly ,  i f  the pressure pulse duration 

Generally, extremely short pressure pulses are 

required to  produce shock waves, eliminating time needed fo r  

p l a s t i c  wave formation. The material immediately in front of the 

shock front i s  taken from i t s  original s t a t e  t o  a greater density 

and a hl’gher pressure i n  a single step. 

formation, one should expect, even i n  ducti le so l ids ,  a b r i t t l e  

Without p las t ic  wave 
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fracture from shock waves, 

Now consider the stages when a plane compression pulse of 

arbi t rary shape i s  reflected a t  a free surface, as shown i n  Figure 

1. 

i s  obtained by adding the incident s t r e s s  t o  the reflected pulses, 

designated by the t h i n  l ine  i n  Kgure 1. 

shown by the thickness l ine  wh-ile the broken l ine refers t o  the 

reflected por t ion .  

where only compression a"s present, t o  the finish where tension 

remains 

The resultant s t ress  a t  any point i n  the media d u r i n g  reflection 

The resultant s t m s  i s  

This sequence of reflection covers the s t a r t ,  

Similarly, a compressive shock wave will  re f lec t  from a free 

end t o  give a tens i le  shock wave, as shown i n  Figure 2 .  When the 

tens i le  component reaches some c r i t i ca l  stress o C ,  necessary f o r  

f racture ,  a segment will "spall" from the main body. I f  a ' 'true" 

shack wave 1s presentg the spalled 

of the wave. 
In  the case o f  a shock wave, the fracture i s  perpendicular t o  

the longitudinal axis, while i n  an undefined wave, the fracture 

surface resembles the wave f ront ,  i . e .  

long-i t u d i n a l  axis e 

piece i s  one half the length 

Other waves produce spall ing by a s imilar  action. 

curved w i t h  respect t o  the 

Experimentally a shock wave is  extremely d i f f i cu l t  t o  introduce 

in to  a sol ld .  Attempts are frequently made t o  sa'mulate shock in 

solids t o  better understand structural  fa i lure  due t o  shock waves 

produced i n  nuclear explosions. 
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$- Free End s 

Figure 1. Reflection of l”rregular compression pulse a t  f ree  end, 

Flgure 26 Reflection o f  square wave comp~essisn pulse a t  f ree  end,  



IV. FRACTURE IN PMMA 

According t o  the Griff i th  theory, the tensj le  strengfih o f  a 

bra”ttle material i s  related direct ly  to  the surface energy b u t  i n -  

versely related t o  the inherent flaw s fze ,  c ,  thus each influencing 

the material strength i n  opposite directions. Inherent flaws d i s t o r t  

the s t r e s s  f i e l d  causing in i t i a t ion  o f  fa i lure  by extension o f  the  

largest  flaw when a c r i t i ca l  t ens i le  s t r e s s  is  reachedg as given i n  

Equatfon (11 ,  Surface energy i s  the energy required for  the pro- 

duction o f  a uni t  area o f  fracture surface. The observed and the 

theoretical surface energy values f o r  glass ( a  b r i t t l e  material) are 

in good agreement as would be expected from the fracture surface ex- 

amination. 

a considerable amount o f  p las t i c  f l o w  accompanies the fracture 

No p las t i c  floly~ i s  present, In the fracture of s t e e l ,  

process causing energy dissipation. Consequently, the theoretical 
and calculated surface energy values d i f f e r  by approximately 30 3 . (18) 

By comparison, the observed surface energy value for  poly (methyl 

methacrylate), PMMA, i s  3 x 10 ergsjcm while the calculated 
2 surface energy value fo r  C - C bond rup tu re  gives 500 ergsjcm 

This large discrepancy in the surface energy value for  PNMA i s  

5 2 

at t r ibuted t o  the energy dissipated a t  the flaw t i p .  (999 

Ma” croscopi c examination o f  PMMA fracture  surfaces produced 

a t  slow rates i .e. , uniaxial tension t e s t s ,  (’’1 suppor t  a p las t ic  

deformation process. ( I 8 )  As the crack propagates th rough  the 

sample, there is  a high tens i le  s t r e s s  concentration a t  the t i p  o f  

the crack. Because of t h i s  condition, the polymer molecules tend t o  
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be drawn i n t o  an oriented configuration,('8E19' as i l l u s t r a t ed  i n  

Figure 3. 

plained i f  this  molecular orientation does occur, 

colors are caused by interference between l i g h t  reflected from the 

surface and l igh t  reflected from the interface between the p las t ica l ly  

deformed layer and the undefohnmed substrate.  

t o  optical interference, the difference i n  colors may ar ise  from 

the differences i n  the thickness o f  the surface film. 

Color patterns present on fracture surfaces can be ex- 

T h a t  i s ,  the 

I f  the colors are due 

I n  support 
of t h i s  orientation layer hypothesis, Andrews (21$  and Berry (22)  

observed a decay of color patterns w i t h  time and/or w i t h  an exposure 

t o  heat causing disorientation of polymer chains. 

Fracture processes an? reflected i n  the appearance o f  the 

f racture  surfaces. Andrews (21)  Berry, ( 2 2 )  Zandman, (23) ,  and 

Kies, e t  a l ,  (24) describe PMMA fracture surfaces i n  degrees o f  

roughness Andrews cl assi Pies these degrees o f  roughness as m i  rror 

mist, and hackle, as shown i n  Figure 4, Mirror refers t o  regions 

whlch r e f l ec t  l igh t  specularly, mist denotes the area where no 

separate features are resolvable, and hackle is  coarse roughness 

where fracture propagates on d i s t i nc t  different  levels. 

hackle 9s elongated i n  the direction of fracture propagation, the 

term "r iver  markings" i s  often appljed t o  i tc  

surrounds the fracture origin with an abrupt change into the mist 

region wh4le hackle i s  found fa r thes t  from the fracture o r i g i n .  

All investigators are i n  agreement on the mirror region surrounding 

the fracture ori gi  n 

concentric ribs covered w i t h  closely packed hyperbolic figures en- 

When 

The mirror region 

Zandman ( 2 3 )  apd Kies, e t  al .  (24)  have observed 



Direction of 
Crack 

Figure 3 ,  Proposed mechanism o f  molecular orientation d u r j n g  
f racture  i n  PMMA 0 7) ,, 

Figure 4, Proposed fracture  surface i n  PMMA showjng ( insjde 
t o  outside fracture  o r i g i n ,  mirror, mist, and 

hackle rw 

(23) F-igwe 5; Proposed f rac ture  surface i n  PMMA showing "ribs" 
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closing the mirror areas as shown in Figuw 5. Their t e s t s  revealed 

tha t  these c i rcu lar  ribs are strongly dependent on the rate  of load. 

Kies, e t  a1 observed PMMA fracture resembling a b r i t t l e  fracture mode 

a t  h i g h  rates o f  loading due t o  many flaws becoming active.  Schardin (25) 

and Andrews (21)  both measured f o r  PMMA a crack velocity increase w i t h  

increasing distance from the origin,  

velocity and fracture surface are dependent on the loading history 

As would be expected, the crack 

o f  the specimen 

The level differences w i t h - i n  the PMMA fracture  surface are often 

called t e a r  l ines or lag l ines which represent boundaries between 

fractuw elements propagating on different  levels. ‘I8’ 

differences tend t o  produce a rough surface as compared t o  the mirror 

These level 

region. Postulating the energy absorption characterist ics as the 

crack propagates t h r o u g h  the specimen the mi rror region suggests 

l i t t l e  energy required as compared t o  the rough regions. That i s ,  

the t ea r  l ines associated w i t h  the rough areas represent a higher 

toughness indicating a greater energy required fo r  crack propagation 

than i n  the mirror region. 

Solid PMMA rods have internal flaws i . e . ,  voids, craze matter, 

o r  inclusions, as do most materials. These 

recognized i n  PMMA as approximately 0.002‘’ 

reference t o  Gri f f i t h  crack cri  t e r i a  these 

fo r  fa i lure  with some applied c r i t i ca l  s t w  

inherent flaws are 

flaws are in i t ia t ion  s i t e s  

s .  Thus fracture occurs 

a t  some related s t r e s s  given i n  Equation (1)  for  a corresponding 

f l  aw s i  zeo 

A brief description of craze matter i s  necessary t o  understand 
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t h a t  crazes are a flaw source present in some thermoplastic materials. 

Crazing i s  encountered i n  a variety o f  commercial materials, i . e . ,  

polystyrene polycarbonate styrene-acryl oni t r i l e  copolymer, and 

PMMA, 

deterioration 04 the PMMA matrix, ( I8’  which possibly results fpom 

the formation of cracks t h a t  impa7”r l i g h t  transmlssion causing 

optical aberrations. Crazing i s  a t t r ibuted t o  residual s t resses  

produced i n  forming operations, exposure t o  solvents 

tensi l e  and flexural stresses.  (28) 

appear normal t o  the load direction. These crazes reduce the 

s t r e n g t h  of the material t h o u g h  the reduction is  less than would be 

predicted f o r  a true crack in the material. Kambour (*’ 930) defines 

craze matter i n  PMMA containing 40% v o i d  content. Kambour produced 

small thin crazes in cast  sheets of PMMA under dry conditions, 

Total l i g h t  reflection of the crazes was observed t o  be a gradual 

Considering PMMA exclusively, craze matter i s  an optical 

and appl-ied 

Under tensi l e  s t resses  crazes 

process occupori ng over several degrees a Reflection began a t  

approximately 44” incident angle on the bar surface w i t h  opt 

reflection a t  55”. Crazes a”n PMMA a re  a constant source for  

fracture ini ti  at-i on e 

Postulating the e f fec t  of crack propagation o f  fracture 

m u m  

sur- 

face roughness when a sharp reflected h f g h  energy tens-ile wave 

reaches a c r i t i c a l  value fo r  an existing flaw, a colorless surface 

shou4’d resul t .  High tens i le  rates prevent the formation of p l a s t i c  

deformation, as observed by Keis e t  a1 (24)  suggesting a colorless 

fracture surf ace. Surface fracture features (degrees of  roughness) 

should resemble that  proposed by Zandman (23’ fo r  matrix inhomogeneity 
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induced f r a c t u r e  under high tensile load r a t e s .  

d i s t inc t  fracture reg ions ,  a rough s u r f a c e  area should e x i s t  due t o  

rapid crack propagat ion w i t h  subsequent c a t a s t r o p h i c  fracture 

(spa1 1 ing)  e 

Surrounding these 



V. TEST APPARATUS AND PROCEDURE 

As the t i t l e  suggests, an exploratory effort was made t o  

ascertain If a cumulative shock driven device i s  feasible on a small 

scale and i f  there are any measureable effects produced by cumulative 

shock loadings in a solid. 

fracture, i . e . ,  spalling. I n  view of the high energies needed and 

the surface deformation associ ated with each load ,  metal specimens 

seemed impractical a 

Initial thinking in this area was on metal 

A t  t h a t  point i t  was decided t o  examine polymeric materials under 

high stress rates. 

broken bonds ( i f  sufficient in number) are  detectable by electron 

Polymers have one advantage over metals, t h a t  i s ,  

paramagnetic resonance ( E P R )  . (31) A Varian E 3 Spectrometer with 

regulated temperature control unit was used t o  investigate this 

effect .  The init ial  experiments were on nylon 66 rods ranging from 

0.030" t o  0.050" in diameter. These specimens were furnished by the 

P1 astics Department E. I .  DuPont de Nemours and Company, Inc. 

H. Kolsky (15)  describe$ a simple apparatus for examining the pro- 

pagation of waves in a wire shown in Figure 6. Here the end of a 

wires W ,  i s  attached t o  a rigid member A with B, a vertical support 

rod f i t t ing loosely into the tubular par t  of A. H i s  any weight 

which fal ls  between two vestical rails  after be ing  accelerated by 

pre-stretched rubber bands. When H strikes A ,  the wire i s  stretched 

until the disk on A reaches the rod B. The circular notch a t  N 

on A breaks off when A has traveled the distance D and i s  stopped by 

B with the weight continuing downward. This design has two variables: 
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I 

I 

Ff  gure 6 Schematic o f  apparatus for 1” nves t-igati ng the propaga- 
t l o n  o f  p l a s t i c  waves i n  a wire,  
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time of impact controlled by changing D and the impact velocity 

governed by the pre-stretched rubber bands 

The device shown i n  Figure 6 was modified t o  accomodate repeated 

loading by replacing the notch, M ,  with a f l a t  surfaceo Varying 

loads, H ,  were physically l i f t e d  and allowed t o  free-fall  a pre- 

determined height unti l  intermediate specimen examination o r  speclmen 

fracturene. 

shown i n  Figure 6 ,  due t o  ava i lab i l i ty  and lower tensi le  properties 

than in wires, 

mentary par t s ,  as shown i n  Figure 7. 

specimen fractured due t o  s t ress  load or due t o  the gripping mechanism, 

W i t h  grip in tegr i ty  doubtful 

load c r i t i c a l ,  and the unpredictable rebound o f  the weight on i m -  

pact, a new design was sought .  

Drawn nylon rods were substi tuted f o r  the wire specimen 

A standard g r i p  was designed and made w i t h  compli- 

I t  was n o t  c lear  whether the 

the alignment o f  the weight w i t h  each 

The next attempt to  produce high tensi le  waves made use of a 

pendulum principle. 

Figure 8. 

t o  f ree-fal l  a designated height, or through some angle e ,  s imilar  

t o  the Charpy Impact Tester. (24) 

a compressive wave in to  the specimen. 

i n  place o f  nylon due t o  s t i f fnes s  and easy machinability. 

should occur when the reflected tens i le  wave reaches some c r i t i ca l  

value oca  fo r  some internal flaw. 

holders were broken without any vis ible  specimen damage. Since 

this was n o t  the goal this design was abandoned, I t  should be 

noted here t h a t  specimen holder fa i lure  was due t o  bending s t resses  

A schematic of the t e s t  apparatus i s  shown i n  

The object i n  this design was t o  allow the pendulum 

Impact by the pendulum produced 

Here PMMA rods were used 

Fracture 

I n  this t e s t  apparatus, specimen 
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F1 a t s  

T i  

Threaded Mates 

knot ted 

Rod for 
1 ooped sample 

F1gur-e 7, Sketch o f  s t anda rd  g r i p p e r  base with complimentary p a r t s .  
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Pendulum A r m  ___)** 

/ 
B 

Specimen Holder 

Fjgure 8, Sketch of Pendulum impact dev ice wf th  
( cross-hatched 1 hammer, 

varlabl e mass 
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rather than ref lect ive tens i le  waves The fractumd surface resembled 

controlled metal bendfng fracture  surfaces,  (32) thus a detailed analysis 

of the fracture mode i n  the holder d i d  not  seem c r i t i ca l  t o  this work. 

W i t h  PMMA rods retained as the prime t e s t  materi a1 , a b a l l i s t i c  

impact device was designed. A cylindrical s tee l  chamber was b u i l t  

t o  accomodate f i r ings  from a $2 Colt revolver w i t h  interchangeable 

cylfnders t o  accept 22 magnum cartridges. The standard cylinder plus 

the magnum cylinder allowed use o f  the following commercially avail-  

able bul le ts :  

Table 9 .  

BULLET VELOCITIES AND ENERGIES 

22 C. B.  Caps Not known Not Known 

22 Shor t  1125 f t / s e c  81 f t .  lbs. 

22 Long Rifle 1335 f t / s ec  158 ft. lbs ,  

22 W i n ches t e  r Magn urn 
Rim F5 re--FulI 
Metal Case 2000 f t / s e c  355 f t .  lbs. 

22 W , R A  Remington 
S p l e  1450 f t / sec  210 P t .  lbs,  

These bul le ts  were selected because of their range o f  muzzle velocitdes 

and muzzle energies, The above l i s t  does n o t  represent all  bullet1 

loadings available f o r  this caliber.  

test apparatus while the c r i t i ca l  section o f  the apparatus the p i s ton  

and specimen chamber, i s  shown i.n mom detail  in Figure IO. The 

Figure 9 shows the complete 
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Bul l e t  

9 i nch  

Backstop 

Figure IO, Piston and specimen section o f  b a l l i s t i c  impact design: 
( drawn t o  scale ) ., 
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specimen holder and the piston were machined from 4140 s teel  and harden- 

ed t o  50 Rockwell Hardness i n  an ine r t  atmosphere. 

avoid sharp corners i n  the heat treated parts. 

blasting, was avoided t o  minimize internal s t resses .  

Care was taken t o  

Cleaning, i . e . ,  sand 

PMMA rod ends were cut f l a t  and polished smooth with 600 grit 

polishing paper. 

t o  insure good wave t ransfer  from piston t o  specimen. 

was f i red ,  the bul le t  impacted the p i s t o n  which in i t i a t ed  a large 

compression wave i n  the PMMA rod. The wave amplitude ( s t r e s s )  was 

governed by the bul le t  loading, i . e .  h i g h  muzzle energy bullets 

produced wave in tens i t ies  larger than low muzzle energy bullets.  

The time of impact was regulated by the position of the p i s ton  

backstops, i . e . ,  Ad. 

large force i n t o  the piston backstops. 

Silicone vacuum grease was used as a wetting agent 

Once the gun 

After impact, the p is ton  rebounded w i t h  a 

The introduced stress wave was examined by bonding 

the 

using Eastman 910 Epoxy cement. The crystal transducer leads were 

connected t o  a Tetronix Type 556 Dual-Beam oscilloscope set a t  

50 u sec/cm scan rate .  

the wave traveled by the transducer. 

outside diameter o f  the piston chamber was used t o  t r igger  the 

oscilloscope. 

these transducers since they are non-uniform sizes .  Since these 

transducers are positioned on the outside of the rod, they respond 

t o  di la ta t ional  dlstortional and Rayleigh wave components. 

To obtain a complete description of the wave, crystals with physical 

barium t i tana te  piezeolectric crystals on the PMMA rod 

Figure 11 shows the oscilloscope trace as 

A s imilar  transducer on the 

A detailed wave description eannot be obtained w i t h  
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Figure $1. Typical oscilloscope t race showing wave shape as i t  
t ravels  through the PMMA rod. 



properties similar t o  PMMA should be sandwiched into the rod, 

would then only give the shape and length o f  the di la ta t ional  

component, More sophisticated techniques o f  monitoring waves 
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This 

wave 

are 

available,(3) b u t  none quite as simple as the one described. 

To obtain a bet ter  understanding of the fracture phenomena, 

f o e e g  spall ing,  a 16 mm camera (HYCAM 1004 E-115) was used t o  

photograph the fracture sequence : s ta r t ing  o f  rod movement 

fractuB.e 0.5" from the rod end, and separation o f  the sections. 

The fracture description plus enlargements o f  the c r i t i ca l  

frames are discussed in the PMMA Fracture Examination. 



VI. DISCUSSION OF TESTS 

6.1 PMMA EPR EXAMINATION 

Attemps were made t o  obtain some measure of internal damage 

produced dur ing  b a l l i s t i c  impact loading of PMMA rods. 

scopy is  a sui table  technique f o r  monitoring covalent bond rupture 

EPR spectro- 

in polymers. A 1/4" drawn PMMA rod, commercial grade purchased a t  

P las t ic  Products Company of Utah, Sa l t  Lake City, was examined for  

a residual EPR signal. 

the rod a t  - 150OC. 

which m i g h t  be present. To see the e f f ec t ,  i f  any, from b a l l i s t i c  

impact loading, two rods were immediately examined a f t e r  impact. 

The rods were quenched i n  a l iquid nitrogen bath t o  preserve any 

damage introduced during impact. 

fractured during impact. Figure 13 shows a representative spectra of 

the loaded rods. There was not a noticeable difference between the 

residual spectra and the test  spectra. 

i t  was apparent  t h a t  n o t  enough damage was produced under this  condi- 

tion t o  be detected by the EPR spectrometer. 

Figure 12 shows a typical residual spectra f o r  

Low temperatures are used t o  enhance any signal (31 1 

Neither of the specimens were 

From this undefineable spectra ,  

6 . 2  PMMA FRACTURE EXAMINATION 

A 1/4" diameter, commercial grade PMMA, was ba l l i s t i ca l ly  loaded 

w i t h  a wide variety of t e s t  conditions. Short rods, long rods, 

pointed rods, machined grooved rods, and annealed rods were ex- 

amined. I n  addition t o  varying the rod dimensions, different  bul le t  
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Figure 12. Free radical spectra o f  residual signal i n  0.250 In, 
6 diameter rod a t  -15OoC and a t  a ga in  o f  3 x 10 

Figure 13, Free raddcal spectra o f  0,2501 i n .  dlameter PMMA rod 
b a l l l s t i c a l l y  impact loaded: recorded a t  -150°C and 

a ga in  o f  3 x 10% 
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loadings (shown i n  Table 11 ,  a range of piston masses* and varying 

piston travel distances** were used. The number o f  variables associa- 

ted w i t h  the b a l l i s t i c  loading design, shown i n  Figure 9 ,  provides 

f o r  a number o f  t e s t s  t o  produce fracture immediately or a f t e r  

several loadings. Table 2 summarizes the t e s t  parameters w i t h  

respect t o  rod dimensions. 

TABLE 2 

SPECIMEN DIMENSIONS TESTED 

Free end 
Rod Length S h ape Observati ons 

l o  > 4" f l a t  

2 .  < 4" f l a t  

3 ,  > 4" pointed 

4, < 4" pointed 

5. Annealed d i f fe ren t  shapes 
and lengths 

6.  Grooved notches on various 
lengths w i t h  f l a t  ends 

Uncontrollable fa i  lure ., mi cro- 
scopi c examination indicated 
fracture  due t o  bending s t resses  

Quite predictable f racture  l 'n i  t- 
ia tes  from voids o r  inclusions 

Same as 1 wi thout  noticeable 
difference 

Same as 2 w i t h o u t  noticeable 
di  fference 

No difference from as-recei ved 
rods 

Fracture a t  groove position when 
the groove i s  placed passed the 
overlap o f  the tens i le  and com- 
pressive components. Loads less 
t h a n  needed for fa i lure  i n  a 
whole rod produced fracture  
eve ryt  i me. 

* 
Constant piston masses were used for a1 1 these t e s t s .  

Piston travel distance was kept constant (0.040").  
** 
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A brief description i s  necessary a t  th i s  p o i n t  t o  describe the 

problems associated with commerci al ly avai 1 able PMMA. 

length of 1/4" drawn rod had a diameter which varied from 0.250" 

t o  0,290". This limited the specimens used in t h a t  the specimen 

chamber would n o t  accept diameters larger than 0.270", In  addition 

t o  the variable rod diameter, small black inclusions, approximately 

0,0044" large were scattered throughout  the rod. These inclusions 

appeared on the average, one for  every six inches of rod. 

the scope of t h i s  study was t o  devedop a t e s t  apparatus capable 

o f  introducing h i g h  s t r e s s  waves into materials, quality controlled 

PMMA rods were not used. 

A six foot 

Since 

As mentioned e a r l i e r ,  Table 2 l i s t s  the various sample geometries 

Since fracture was more tes ted with par t icular  results fo r  each type. 

easi ly  controlled on samples less t h a n  4" long with flattened ends, 

the remainder o f  the discussion will deal w i t h  this geometry. 

accomodate some variance i n  rod d'iameter, 0.020" oversize boring of 

the specimen chamber was performed before heat treatment w j t h  sub- 

sequent tempering to  50 Rockwell. Rod diameters less than  the 

oversi zed chamber very near 0.250", were symmetrical ly posi tioned 

i n  the chamber by placing IPS" wide strips o f  Scotch mending tape near 

the rod impact and l/8" from the chamber out le t .  

To 

In  some cases 

two complete tape windings were needed while i n  others only one. 

W i t h  the sample aligned, bending upon impact was avoided. 

Before each individual t e s t  , the rod was examined for inclusions 

w i t h  respect t o  the impact end, After fracture the pieces were 

re=examined w i t h  respect t o  these inclusions. In  general f o u r  
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d is t inc t  modes o f  fracture were observed: 1) "solo fracture disks" 

w i t h  inherent flaws, !.e. 

w i t h  inclusions a t  the origin and cyclic rings surrounding i t ,  

3) 

and 4) bending fracture .  These four f racture  morphologies are 

common t o  a l l  ba l l i s t i ca l ly  loaded rods less  t h a n  4" long. 

feature will be discussed and i l l u s t r a t ed  individually: 

voids o r  craze matterg 2 )  "fracture disks" 

surface fracture disks (inclusion in i t i a t ed )  w i t h  cyclic rings, 

Each 

3 )  Solo Fracture Disks 

Approximately 30% of the fracture surfaces examined 

resembled the flaw region shown i n  Figure 14? 

f l a t ,  shiny, semi-circular area will be referred t o  as 

fracture disks. These fracture disks resemble "craze 

matter" observed by Kambour (29330)a t  incident angles be- 

tween 44" and 55" i n  PMMA sheets. Careful examination of 

the rods  between loadings and befonoe fracture revealed 

these "crazes" normal t o  the longitudinal axis e W i t h  

each additional load, the number o f  these crazes increased, 

By recording their locatfon w i t h  respect. t o  the impact 

end ,  fracture d i d  occur in a plane containing these 

sites or s i te .  

The c lear ,  

In Figure 14 the f racture  d j s k  represents the fracture 

ora'gin w i t h  the center acting as an inherent flaw, mentioned 

ea r l i e r .  (24325)  Opti cal measurements of these observed 

inherent flaws vary from 0.0008" t o  OcO02" i n  diameter 

depending upon i ndi vi dual fracture disks E 

meter o f  the fracture d i s k  varies from 0.003" t o  0.03". 

The outer di  a- 
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di a- 
meter: l OOX (Opt%” cal Microscope) - 

Figure 15. SOIS fracture d i s k  obscured by overlay and chipping ou t  
during fracture : 50X (Opt%” cal M I  croscope) 
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Figure 15 i s  a lower magnification optical photograph of the 

area surrounding and including Figure 14., Here, segments o f  

f racture  disks appear t o  overlap one another, while i n  f a c t ,  

these segments are on different  levels w i t h  portions chipped 

ou to  The small pieces t h a t  chipped out were recovlyabtle, 

b u t  extremely crumbly, making microscopic examination im-  

possi ble 

The degree o f  surface roughness, w i t h  respect t o  mirrorg 

mist, and hackle, as shown i n  Figure 4,  includes the mirror 

only, in t h i s  fracture mode. 

PMMA f racture  resembling a b r i t t l e  fracture a t  h i g h  rates 

Kies, e t  al .  (24) observed 

of loading  due t o  many flaws becoming active. The area shown 

in F i g u r e  15 includes several fracture disks suggesting a 

similar fracture mechanism. 

Fracture Disk w i t h  Cyclic Rings 

This par t icular  pat tern,  as shown i n  Figure 16 ,  occurred 

in-40% o f  the fracture surfaces examined. This fracture sur- 

face in i t i a t ed  a t  an inclusion in the bulk o f  the specimen 

w i t h  a cyclic ring or I'ri.b" (23)  surrounding the fracture 

disk. The sharpness o f  the cycl ic  r i n g  ( r i b )  Indicates a 

h i g h  rate of loading as observed by Zandman. (23) Zandman ' s  

tests used uniaxial tension t o  produce fpacture as opposed 

t o  reflected tens i le  wave components used i n  the author's 

work. Even though the surfaces are very s imilar ,  the rib 

observed in Figure 16 suggests cyclic loading. 

single load produced fracture ,  a feasible explanation for 

Since a 
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16, A fracture d4sk ?nclusion ina’tiated w i t h  one cyc13c r i n g  
rosca 

17, Same area as Figure 16 examined wi th  a Cambridge Scann- 
i ng Electron M I  croscope : 260X 
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this apparent phenomena i s  t o  consider the wave traveling 

back and forth through the rod. 

tensile wave component increases the crack (craze maiter) 

diameter as long as the stress is  above o C e  

crit ical  flaw size i s  reached, catastrophic failure follows. 

This appears t o  be a reasonable explanation for  the existence 

Each pass o f  the reflected 

Once a 

o f  the r i n g  b u t  the question arises then: Why does i t  appear 

in uniaxial tensions tests? e23)  This particular fracture 

disk morphology i s  no t  limited t o  one cycle o r  rib as 

shown here. Additional rings surrounding the init ial  

fracture area, mirror, are present in some main fracture 

surfaces as well as i n  surface flaw initiation, described 

in the third mode. 

A scanning electron micrograph, Figure 37, shows the 

various levels o f  the flaw area. 

magnification scanning electron micrograph t o  i l lustrate 

the drastic difference between the matrix and the 

fracture disk area. 

Surface Fl aw Initi ati on 

Fjgure 98 i s  a low 

Approximately 30% of the rods failed due t o  surface 

As shown i n  Figure l g 9  fracture disks flaw initiation. 

with corresponding cyclic rings exhibited two modes of 

fracture initiation. Figure 19-a has smalls approxi- 

mately O.OQ05" in diameter, spherical inclusions on the 

surface and in 0.00115" deep. These small inclusions do 

n o t  appear t o  have any slgnificant effect on the fracture 
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Figure 18, Repsesentati we 1 OW rnagnl f l  eat1 on scanna” ng  el ectson m i  cro- 

g r a p h  o f  Figure 1%: 26X0 
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Figure 19(a>,  
approximately 0.0005" % n  dlarneter: 

Surface flaw fracture  disk in i t i a t ion  from fnclusions 
1QQX (optical  microscope) 

Figure 19(b),  
approximately 0,006" in diameter: 

Surface flaw fracture  d i s k  i n i t i a t ion  from fnclusions 
1OOX (optical  microscope) 
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d i s k  pattern as i n  Figuw 19-b. 

0,006“ i n  diameter-) inc%usions i n  0.01” deep a l t e r  the 

Hem, large (approximately 

fracture  d i s k  cyclic rings and obscure the origin. 

though both surface flaws have cycll’c rings9 the rings 

Even 

associated w i t h  the small fnclusions are more r egu la r  and 

d i s t inc t  t h a n  those surrounding the large inclusions. In 

general9 there ex is t s  not more t h a n  two such patterns per 

f r a c t u ~  surface, T h i s  par t icular  fracture inl’tiation 

demonstrated the significance o f  surface conditions i n  

studying fracture,  The individual regions shown here as 

described by Zandman, are identical  t o  those described 

in fa i lure  mode 2, 

4) Bending .Fracture 

T h i s  type I s  n o t  included in the percentage o f  controlled 

fai lures. Bending fracture morphology as observed i n  metals (32)  

approximates the surfaces observed i n  PMMA. These fractures 

occurred when the rod was not aligned w i t h i n  the specjmen 

chamber and/or the rod was n o t  f l a t  against the piston. 

aces were n o t  examined m i  croscopi cally. 

These three mcture morpho1 oga”es represent the fracture surfaces 

produced when loaded once or several t%”mes t o  fa f lure*  

difference was observed i n  the f racture  when loaded w i t h  a 22 long 

r i f le  or Magnum cartridge. 

fracture disks d i d  .not  comespond t o  the number o f  impact loadings. 

No marked 

The number o f  rings surrounding the 

Due to rod 1 rregulaait ies 

predictableo 

cumulative loading t o  fa i lure  was not 

Qual i ty  controlled rods should be examined under 
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repeated loadings t o  determine cyc l ic  rate as a function of number 

o f  cycles t o  -tal lure 

The fracture sequence was recorded w i t h  a 16 rnm camera t o  

determ7ne when fracture occurred and i f  the rod bent or twisted 

a f t e r  impact? 

Magnum R i m  Fire ( F u l l  Metal Case) once t o  produce fai lure .  

20 shows the fracture sequence, while Figure 21 is a schematic o f  

the rod a f t e r  f r ac tuw-  One hundred fee t  o f  T r i - X  film recorded 

the fracture sequence a t  8,000 frames/sec, 

c r i t i ca l  frames shows the various pieces spall ing off the endo 

par t icular  rod had no inclusions in i t s  matrix.  

tion o f  each fracture surface positively ident i f ied the sequence of 

piecesg t h a t  i s :  

( 5 )  1s a mate to  ( 6 ) ,  

14 identify surfaces ( 1 )  and ( 2 ) .  

fracture disks w i t h  a smaller one as found on surfaces (3)  and ( 4 ) .  

Surfaces (5) and ( 6 )  were in7tiated by surface tlaws similar t o  

F7gur-e 19-a- T h i s  one fractured rod Included two o f  the three 

fracture morphologies observed throughout  the tes t s .  

clusions were present i n  the rod, fracture associated w i t h  inclusions 

could n t be expected. 

A 3" long rod was impact loaded w i t h  a 22 Winchester 

Figure 

The enlargements of the 

This 

Microscopic examina- 

( 1 )  i s  a mate t o  ( 2 )  (3)  i s  a mate t o  (41, and 

Distinct fracture disks as shown in Figure 

Figure 22 shows two large 

Since no  i n -  

Th s segment of the examination established the direction of 

the rod a f t e r  impact, the approximate time o f  f racture ,  and the 

variety of  fracture morphologies contained in one fractured rod. 
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impact ,end 

3 4 5 6  1 2  

Tape 

L - 
Figub-e 21, Schematic of spalled PMMA rod used f o r  photographing 

f rac ture  sequence: ( Drawn t o  scale  ) *  
. *  

a_* 

F4gure 22, Solo f racture  ddsks -as found on rod photographed w%th  a 

76 snm camera: 50X (Optical Microscope), 
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6 ,3  CUMULATIVE LOADING I N  PMMA 

By using the b a l l i s t i c  impact loading apparatus, as shown i n  

Figure 9 ,  cumulative loading i n  PMMA rods were possible w i t h  a 

m i n i m u m  time delay of 5 sec between f i r ingso  

accomodated a range of bullet  loadings, as shown i n  Table 1 

capable of producing specimen fa l lure  w i t h  one or several impacts. 

Rods less than 4" long were the eas ies t  t o  fracture as discussed 

ea r l i e r .  Due t o  the PMMA i r regular i t ies  cumulative loading was 

impossible t o  control. For example, rods (vis ibly ident ical)  

subjected t o  the same load h is tor  es behaved differently.  

rods would e i t h e r  Pail a f te r  one oad or a f t e r  repeated loadings 

w i t h  six loads being the maximum. Often, b u t  not always craze 

d isks  would appear within the rod d u r i n g  the loading cycle t o  ac t  

as fracture i n i  t i  ation s i t e s  

less  than  the 22 long r i f l e  never produced fracture w i t h  one load 

o r  w l t h  any def ini te  number. 

greater than the 22 long r i f l e  produced fracture w i t h  one impact., 

These larger  bul le ts  caused more than one s l i c e  t o  s p a l l  o f f  the 

rod end with one f i r i ng ,  W i t h  fracture produced repeatedly w i t h  

one loading, cumulative damage was impossible w i t h  these cartridges. 

To guarantee fa i lure  when photographing the fracture sequence, 

these larger loadings were used. 

The 22-Colt revolver 

The 

Cartridges having muzzle energies 

Cartridges having muzzle energies 

As f a r  as can be determined Prom the t e s t s ,  the variance 

in fa i lure  conditions i s  caused by the PMMA i r regular i t ies  and 

not the t e s t  apparatus. 

t o  suspect unrel labi l i ty  i n  the t e s t  apparatus. 

No possible reason i s  evident a t  t h i s  time 
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6 .4  OTHER MEERIALS TESTED 

A l/4" diameter urethane rod*** was b a l l i s t i c a l l y  loaded t o  

fa i lure .  

ture, a knife cu% was made around the circumferences approximately 

213 of the radius deepo 

a uniform specimen geometry. 

holder and loaded once with a 22 long r i f l e  bullet .  

To help reduce the c r i t i ca l  stress necessary t o  cause frac- 

B o t h  ends o f  the rod were cut f l a t  t o  give 

The rod was placed i n  the specimen 

Optical 

examination of the rod a t  t h i s  point showed no vis ible  damage. 

The rod was remounted and impact loaded this time w i t h  a 22 

(hollow p o i n t )  Winchester Magnum R%"m Fire bul le t .  This larger  

loading produced f a i l  ure 1' .e. 

sectional area made by the knife cut, Microscopic examination o f  

the center o f  the fracture surface revealed an in t r i ca t e  fracture 

zone shown i n  F i g u r e  23. Lettering on the composite photograph 

denotes the fracture  history. High magnifications i .e . ,  above 

1OOx were impossible t o  focus w i t h  the Unitron due to  sharp steps 

and f a l l s  i n  the surface. The lowest magnification, 50x, showed 

the most de t a i lo  

ning Electron Microscope i s  shown in Figure 24. 

of the 0.4" f racture  ring i n i t i a t e s  a t  the knife cut interface.  

spa1 1 i n g  , a t  the reduced cross- 

A closer look a t  the fracture  pattern w i t h  a Scan. 

The crack formation 

The crack formation resembles " r ive r  patterns" (21' found In cleavage 

fa i lures  of most metals, i n  t h a t  the number o f  " t r ibu tar ies"  de- 

creases in the direction o f  crack propagation. 

An optical grade, non-annealed, 114" glass rod was impact 

*** 
Furnished by N.bcS.A.  Grant NGR 45-003-029. 
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Figure 23. Cumulative fatigue damage i n  a poly-urethane l /4"  daimeter 
rod: 50X (Optical Microscope) 
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Figure 24, EllectPon micrograph showing the djfferent levels associ -  

ated w i t h  cracks a n  Figure 23: 5OOX (Cambrjdge ScanniDg 

Electron M~crsseope) 0 



loaded w i t h  a 22 C.B. Cap (muzzle energy and muzzle velocity less 

than a 22 short)  once f o r  fracture,  

pieces remained a f t e r  impact. 

fracture surfaces revealed surface crack in i t i a t ion  on 90% o f  the 

pieces. 

were present on al l fracture faces. 

not possible due to  glaring fractum features. After a time lapse 

of one day, approximately 50% o f  the i n i t i a l  colors were present. 

Powdery t o  two inch long 

Microscopical examination o f  various 

Br i l l i an t  color pat terns3 s imilar  t o  a rainbow pat tern,  

Descriptive photographs were 

T h u s ,  50% of 

i n te rferen ce 

m i g h t  be due 

the color .patterns migh t  -be due t o  diffraction i .e. 

phenomena, while the portion t h a t  decayed in one day, 
t o  an “oriented laJceP as often seen i n  PMMA. (22)  

Plas t ic  deformation in glass i s  n o t  predicted by Gr i f f i th ’s  work 

b u t  proposed more recently by Marsh (33)  and Bridgman and Simon. 

Further studies I n  glass fracture m i g h t  help t o  prove or disprove 

p l a s t i c  flow i n  glass. 

couraged by sur ace flaws, d i f f icu l ty  in f la t tening the rod ends, 

and I n  aval lab?l i ty  o f  lower byl’let energies, 

caps are mandatory “Fop a detailed Snvesti.gation in glass using 

this apparatus. 

(34) 

Continued studies i n  t h i s  area were dis- 

Loads less than C O B ,  

A machined iner t  rocket pro e l l an t  rod was ba l l i s t i ca l ly  

loaded with a 22 Winchester Magnum R i m  Fire (Full Metal Case) 

without any optical  damage. Testing i n  this area was dlscontlnued 

due t o  the propellants h i g h  damping property. A design t o  accomodate 

a h i g h  power pis tol  or a r i f l e  migh t  produce fracture i n  propellants. 



V I  I 0 CON ceus IONS 

A simple economical device POP producing h i g h  s t ress  waves 

i n  materials was investigated, designed, and tested. W i t h  a 

shock wave definition as the guide l i ne ,  i o e o 3  an instantaneous 

pressure pu9 se the baa 1 i s  ti c Impact-dri ven projecti 1 e was de- 

signed t o  introduce a semt-square compressive wave front ,  as 

shown i n  Figure l l c  

i s  solely dependent on the flatness of‘ the l’mpact surfaces, since 

short rods preclude sharpening of the wave due to  i t s  propagation 

through the rod, except for highly non-linear materials. 

out the t e s t s ,  the specimen and piston wem kept as f l a t  as 

possible. 

the reflected tens i le  component reached c f o r  the par t icular  

flaw size i n  the rod, 

inherent flaws, inclusions, and surface flaws 

fracture modes i n  PMMA rods a Associated w i t h  each fracture 

region were degrees d roughness i .e, mirror9 m i s t  and hackle, 

or mirror and rSibso Each degree of roughness i s  related t o  some 

crack velocfty, f e e n  

while rough surfaces resul t  from fas t  velocitfes.  This seems 

possible since a t  the i n i t i a t i o n  of f rac ture> the crack moves 

The steepness and sharpness o f  the wave f ront  

Through- 

Spalling normal t o  the impact direction resulted when 

c 

Three d j s t inc t  fracture morphologies, i o e a  I) 

represented a19 

smooth surfaces correspond t o  low velocit ies 

Y 

e 

slowly through the material As the cvack grows i t s  veloci 

increases until  some critical velocity i s  reached, and britt 

fracture results.  

Cumulative fatigue loadjng an PMMA was not reproducible from 
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one sample t o  another. 

i r regular i ty  and n o t  t o  the t e s t  apparatus. 

morphology as a function of number o f  loads was observed i n  the 

PMMA rodso 

This variance i n  tests i s  due t o  PMMA 

No relation o f  fracture 

Other materials were examined t o  determine the range offered 

by this designo 

geometry. 

Iner t  rock propel 1 ants damped the wave magnitude before fracture 

could occur, 

fractures due t o  h i g h  waves i n  a variety o f  materials. 

Urethane fractured producing an in t r ica te  cirack 

Gl ass was shattered into many indistinguishable pieces . 

In  general, the design i s  sui table  f o r  studying spall ing 
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